The abundant amphipod Corophium volutator is an ecosystem engineer in soft-bottom intertidal communities due to its grazing and bioturbation activity. However, the amphipod commonly serves as second intermediate host for detrimental microphallid trematodes. This host-parasite association is potentially very sensitive to climate change as the transmission rate of larval trematodes (cercariae) from first intermediate hosts (mud snails) to amphipods, and hence infection intensity-dependent amphipod mortality, generally accelerates with increasing temperature. Given the ecosystem engineering role of C. volutator, we hypothesized that elevated temperature, indirectly through increased parasite-induced amphipod mortality, significantly affects the structure of the surrounding benthic community. To test this, we performed a three-month outdoor mesocosm experiment exposing a natural soft-bottom community of benthic plants and animals to four different treatments: relatively low mean water temperature (18°C) with low (b 4%) and high (c. 31%) trematode prevalence in the snail population, and relatively high mean water temperature (22°C) with low and high trematode prevalence. Both temperature and snail parasitism had a significant impact on amphipod abundance and resulted in their almost complete eradication at the warm temperature with high parasitism. Aside from the amphipod hosts, increased temperature affected the abundance of eight faunal species out of 22 in total (36%), whereas increased level of parasitism or the parasite-temperature interaction influenced the density of three species (14%). The treatment-determined Corophium abundance played an isolated role for several species, particularly the polychaetes Hediste diversicolor (positive) and Polydora ligni (negative). Regarding primary producers, the overall frequency distribution of 21 species of benthic diatoms differed between all four treatments. Species-specific effects were few and weak, however, and microalgal abundance (chlorophyll-a) was statistically unaffected by treatments, together suggesting a rather resilient plant community towards the experimental perturbations. At the community level, the non-host macrofaunal diversity decreased with temperature in the low parasitism treatments whereas it increased with temperature in the high parasitism treatments. This suggests that sufficiently high levels of parasitism may turn a negative effect of elevated temperature on macrofaunal biodiversity into a positive effect. Hence, our experiment demonstrates that the synergy between parasitism and a relevant temperature increase, e.g. in lieu of climate oscillations or global warming, may have broad ecological consequences for the organization and function of soft-bottom communities, in part through elevated parasite-induced mortality of a central community member.
Introduction
Parasitism has been acknowledged as a major factor that can regulate the abundance of host populations (Scott, 1987) , alter the structure of plant and animal communities (Minchella and Scott, 1991; Mouritsen and Poulin, 2002a; Poulin, 1999; Wood et al., 2007) , and affect the functioning of ecosystems (Sousa, 1991; Thomas et al., 2005) . At the same time, there has been a growing awareness that climate change may increase the frequency of parasitic diseases in both terrestrial and aquatic environments (Harvell et al., 1999 (Harvell et al., , 2002 Marcogliese, 2001) . In particular, it has been emphasized that the transmission of marine trematodes is sensitive to even small temperature changes (e.g. Mouritsen, 2002; Mouritsen and Jensen, 1997; Poulin, 2006; Studer et al., 2010; Thieltges and Rick, 2006) . Given that parasitism is capable of organizing natural ecosystems and that trematodes appear particularly sensitive to temperature, it becomes imperative to elucidate the potential responses of host-parasite systems to climate fluctuations, including climate warming. Accordingly, recent reviews have focused their attention on understanding the consequences of such temperature-parasite synergism on entire coastal ecosystems (Marcogliese, 2001 (Marcogliese, , 2008 Mouritsen and Poulin, 2002b; Poulin and Mouritsen, 2006) . There remains, however, great uncertainty about how and to what extent environmental factors affect marine hostparasite systems, and in turn the ramifications to the surrounding community of plants and animals. Specifically, to our knowledge, no studies have examined the potential effects of increasing temperature on coastal benthic community structure through elevated parasiteinduced mortality rates of a single ecologically important community member.
The amphipod Corophium volutator is often a dominant macrofaunal organism in intertidal soft-sediment environments on both sides of the North Atlantic, occasionally reaching densities of 100000 individuals m −2
. Corophium volutator is an important prey item for demersal fishes, benthic invertebrates and migratory shorebirds (Daborn et al., 1993; Mouritsen, 1994; Pihl, 1985) . It belongs to the infauna and lives in U-shaped burrows in the upper layer of the sediment. Due to the amphipods burrowing and grazing activities they may alter sediment characteristics of mud-flats and influence benthic community structure (Daborn et al., 1993; Gerdol and Hughes, 1994a; Mouritsen et al., 1998) . Hence, amphipods may be regarded as ecosystem engineers in softbottom intertidal communities (Jones et al., 1997) .
Corophium volutator acts as second intermediate host for a variety of microphallid trematodes. The most common microphallid species along eastern Atlantic coasts belong to the genera Maritrema and Microphallus (Deblock, 1980; Jensen and Mouritsen, 1992) . The complex life cycle of these parasites also includes the mud snail Hydrobia ulvae as first intermediate host, and shorebirds as definitive hosts. After the parasite eggs are ingested by the mud snail, larval trematodes are continuously produced asexually within the snail's gonads and released as freeswimming cercariae that seek out and penetrate the cuticle of C. volutator. The cercariae encyst as metacercariae within the body cavity of the amphipods and await ingestion by an appropriate shorebird host in order to complete their life cycle. This host-parasite system is very sensitive to environmental factors, particularly temperature. Usually, increasing temperature accelerates the development of larval trematodes within the snails, as well as triggering their release (Meissner and Bick, 1999a; Mouritsen, 2002; Mouritsen and Jensen, 1997) . This temperature-mediated increase in cercarial output in turn increases severe infection intensity of amphipods, as the transmission efficiency (proportion of cercariae successfully reaching the second intermediate host) remains roughly constant with increasing temperature within naturally occurring ranges (Mouritsen and Jensen, 1997; Studer et al., 2010) . Consequently, the infection intensity-dependent parasite-induced amphipod mortality is likely to increase as temperature rises (Jensen and Mouritsen, 1992; Larsen et al., 2011; Meissner and Bick, 1999a,b; Mouritsen and Jensen, 1997; Mouritsen et al., 2005) . Indeed, parasite-induced mass mortality in a local amphipod population has been observed in the Danish Wadden Sea during a period of unusual high temperatures (Jensen and Mouritsen, 1992) . The disappearance of the tube-building amphipod led to increased sediment erosion and significant changes of the sediment characteristics (see Mouritsen et al., 1998) . However, the direct as well as indirect consequences of such temperature-parasitism synergy on surrounding benthic flora and fauna have not yet been thoroughly quantified (Larsen et al., 2011; Mouritsen et al., 1998) .
Here, we use the above mentioned host-parasite system to elucidate the effect of temperature-parasitism synergy on intertidal community structure. We hypothesize that temperature-dependent parasiteinduced amphipod mortality leads to significant structural changes of the surrounding benthic community. To test this, we performed a threemonth outdoor mesocosm experiment designed to unravel (1) the combined effect of temperature and microphallid parasitism on the density of C. volutator, (2) the ramifications on the community of benthic microalgae, meiofauna and macrofauna that may follow, and (3) the community consequences of altered temperature and parasitism stemming from other processes than parasite-mediated reduction in amphipod density.
Materials and methods

Experimental design
The outdoor mesocosm experiment was conducted at Rønbjerg Marine Biological Station, Limfjorden, Denmark, from 6 July to 21 September 2009. The experimental mesocosm unit was a circular PVC container, 16.5 cm in height and an inner diameter of 15 cm resulting in a 177 cm 2 bottom surface area. Two cm below the top of the container, 4 holes (each 0.8 cm 2 ) covered with a 500 μm polyethylene mesh were used as a drain, which hence allowed for a certain level of emigration of smaller resuspended organisms. To help maintaining the desired water temperature (see below) the containers were insulated on the outside with flexible polyurethane foam (10 mm).
Four different treatments were assigned to 28 such containers (i.e. n = 7 per treatment), fully randomized in a 4 × 7 block design: (1) low water temperature and low parasitism, (2) low water temperature and high parasitism, (3) high water temperature and low parasitism, and (4) high water temperature and high parasitism (high and low parasitism refer to prevalence of infection in the experimental snail population; see Section 3.2.2 for realized infection levels across treatments). The low water temperature treatment was designed to reflect the present mean summer temperature of coastal areas in Denmark (c.18°C; data available at http://www.seatemperature.org/), whereas the high water temperature treatment aimed at a temperature 4°C above the present level (22°C). The latter corresponds to the expected rise in ambient air temperature in Denmark within this century (Christensen et al., 1998 (Christensen et al., , 2001 ), bound to also affect near-coastal water temperature.
Each container was supplied with 6.5 cm substrate (see Section 2.2) and its own seawater supply (25-30‰) at a flow rate of 0.16 L min −1 . The latter corresponds to a retention time of approximately 9 min of the resulting water column of 8.0 cm (water volume: 1.4 L). This relatively high flow rate served to achieve the required temperature and to ensure well-oxygenated mesocosms. In order to avoid invasion of non-experimental organisms the applied seawater was filtered through a sand filter followed by a 25 μm pleated polyester filter and a 5 μm string wound filter. The filtered water was then directed through coiled tubes submerged in either cooled or heated water baths to achieve outflow temperatures of 18 and 22°C, respectively. The cooled and heated water was directed into two separate insulated PVC tubes (Ø = 5 cm, length = 230 cm) functioning as water reservoirs. This was done to obtain a constant water flow to each experimental mesocosm unit in addition to equal water temperature among containers within each of the two temperature treatments. Finally, short silicon tubes connected to these PVC tubes were used to supply each container with desired seawater quality. During experimentation, the water temperature was measured every 30 min by temperature loggers submerged in two haphazardly chosen experimental mesocosm units from each temperature treatment. The resulting water temperature in the low and high temperature treatments was 17.9 ± 0.01 and 22.0 ± 0.01°C (mean ± SE), respectively (Fig. 1) . The experimental set-up allowed to a certain extent for the influence of fluctuating ambient temperatures and influx of sun radiation, thereby reflecting greater realism. Based on daily measurements at 15:00 PM and 03:00 AM, the variance in water temperature was statistical similar between the high and low temperature treatments over the course of the experiment (Levene's test, F 1,304 = 2.795, p = 0.096). On July 27 (experimental day 22), the water temperature dropped to 17.8°C during a two hours period in the high temperature treatment due to technical problems with the thermostat. However, this short-termed temperature drop is judged to have no significant bearing on obtained results.
Sediment, microflora and meiofauna
The sediment used in the experiment contained naturally occurring microflora and meiofauna community of initially unknown composition.
Sediment was collected on an intertidal mudflat (200-300 m from mean high water level) in the Danish Wadden Sea near Ribe Kammersluse (55°21′N, 8°39′E) using a modified PVC ring (Ø = 15 cm, height = 10 cm). The ring was pushed 6.5 cm into the substrata after which the upper 2.5 cm layer (where the majority of microalgae and meiofauna reside) was removed with a spoon and transferred to a container (surface sediment). The remaining 4 cm of the sediment core was then stored in a separate container (bottom sediment). This protocol was repeated until a sufficient amount of surface and bottom sediment was sampled for the experiment.
In the laboratory, the two sediment fractions were sieved separately through a 250 μm screen into large bowls to remove macrofaunal organisms. Although this protocol also retained the largest meiofaunal organisms, it was necessary in order to remove juvenile macrofauna, particularly amphipods, from the substrata. The sediment passing through the 250 μm mesh was gently mixed and placed in trays (198 x 58 x 5 cm; length x width x height) with slowly running seawater ensuring that the naturally occurring organisms, especially meiofauna and benthic microalgae, were not flushed from the sediment. The surface sediment was established in a layer of 2.5 cm in a single tray, whereas the bottom sediment was distributed in four trays in a layer of c. 3-5 mm. The latter was done to avoid anoxic conditions to develop in this partly reduced sediment prior to the experiment. During the sifting process 2.7 and 1.1 L of sediment particles were retained on the 250 μm mesh from the bottom and surface sediment, respectively. Hence, in order to restore particle composition and texture of the original sediment, rinsed beach sand (i.e. free of marine organisms) between 250-500 μm in particle diameter was used to replace the lost sediment.
Experimental macrofaunal organisms
First intermediate snail hosts, H. ulvae, served as the source of microphallid parasites in the experiment. Specimens of H. ulvae were collected haphazardly according to in situ size distribution (range: 3.7-5.7 mm in shell height) during spring 2009 at localities known to support trematode-infected snails. Microphallid-infected mud snails were sampled in the Danish Wadden Sea between Skallingen (55°31′N, 8°16′E) and Emmerlev (54°59′N, 8°39′E), while uninfected snails were collected from a lagoon situated in Limfjorden (56°56′N, 9°12′E). The prevalence by microphallid-infection in this lagoon is usually low (b5%), whereas c. 25% of the sampled snails from the Wadden Sea was infected by microphallid trematodes.
Snails were placed individually in small Petri dishes (10 mL; Ø = 35 mm) supplied with seawater at 25°C under artificial light for at least 6 hours to verify their infection status (i.e. likely uninfected or infected, identity of infection). Under these conditions, snails harboring mature trematode-infections start shedding trematode larvae (cercariae) within a few hours that can be readily seen under a stereomicroscope. Shed cercariae were then identified to at least genus level according to Deblock (1980) using a light microscope. Mud snails infected by the microphallid trematodes, Maritrema spp. and Microphallus spp., as well as snails scored to be uninfected were separated until commencement of the experiment. Note that the group of snails scored to be uninfected did contain some false negatives (see Section 3.2.2.). The snails were kept in aquaria in the laboratory at 15°C and fed with sediment rich in diatoms and epiphytic algae growing on green macroalgae Ulva lactuca and Enteromorpha sp. To promote algae growth, the aquaria were positioned under growth lamps with 12-hour light-dark cycle. The seawater (25-28‰) and sediment were renewed every third week.
Amphipods, C. volutator, acting as second intermediate host for microphallid trematodes, were collected at the upper intertidal zone near Ribe Kammersluse a few days before the start of the experiment. To obtain similar-sized amphipods across treatments, only animals passing through a 2.0 mm mesh but retained by a 500 μm mesh were selected for the experiment. A subsample of amphipods (n = 250) was preserved in 80% ethanol and subsequently measured from rostrum to telson under a dissection microscope to determine initial mean length. After measurement, the amphipods were dissected and examined for pre-experimental infection level (metacercariae). The average body length of this source population of amphipods was 5.2 ± 0.03 (SE) mm (range: 3.2-6.2 mm). The pre-experimental average microphallid infection intensity was 0.6 metacercariae per individual (range: 0-5). Hence, the population of amphipods used in the experiment was largely unaffected by microphallid trematodes (see e.g. Mouritsen and Jensen, 1997) . The sex-ratio of the amphipods was not statistically different from even (Goodness-of-fit test, χ Other planned experimental macrofaunal organisms were restricted to the numerically dominant intertidal species obtained in core samples (each 50 cm 2 ) haphazardly collected near Ribe Kammersluse: the polychaete Hediste diversicolor, the bivalve Macoma balthica and the oligochaete Tubificoides benedeni. The initial length of H. diversicolor (preserved in 80% ethanol) ranged between 14-26 mm (n = 45). The mean initial shell height (maximum height) of M. balthica was 4.8 ± 0.08 (SE) mm (n = 49), and the pre-experimental mean length of T. benedeni (preserved in 80% ethanol) was 8.4 ± 0.23 (SE) mm (n = 45).
Establishment of experiment 2.4.1. Addition of sediment
The bottom sediment was transferred from the storage trays into a large bowl. Following homogenization, 0.7 L of sediment was added to each experimental mesocosm unit, equivalent to a sediment depth of 4 cm. To add surface sediment, 28 modified PVC rings (Ø = 15 cm) were pushed into the established sediment in the storage tray. The sediment inside each ring was then removed with a spoon and added to the container, resulting in an additional sediment layer of 2.5 cm. To achieve a homogeneous surface sediment layer in the containers, the sediment was added by sieving it through a 2 mm mesh in the water column established above the bottom sediment. After sediment addition, containers were placed at 18°C for one day to allow full sedimentation of suspended particles prior to addition of experimental macrofauna.
Addition of experimental macrofauna
Because of the large number of macrofaunal organisms added, establishment of the entire mesocosm experiment was done over three days. During these preparations, all containers were supplied with running seawater at the planned experimental temperature (18 or 22°C). ) scored to be uninfected were added to each of the 14 containers planned to contain less parasites. To each container planned to contain high levels of parasitism (n = 14), 38 of the added H. ulvae were infected by Maritrema spp. and two by Microphallus spp., corresponding to planned infection prevalence of 30% by microphallid trematodes. The infection prevalence in Hydrobia varies greatly with locality and season, but often approaches 30% during the active season (Field and Irwin, 1999; Jensen and Mouritsen, 1992; Kube et al., 2002 ). In some rare cases, the trematode prevalence in the snail population may exceed 50% and even reach 90% (Honer, 1961; Rothschild, 1938) . Moreover, the Maritrema-Microphallus ratio of 19 mirrors the in situ ratio at the time of snail collection. To avoid escape of snails from the water column, a thin layer of grease was smeared out just above the water surface inside each experimental container and renewed as needed. The densities of macrofaunal organisms eventually added to each container correspond to natural abundances previously recorded in the Danish Wadden Sea (Jensen, 1992; Mouritsen, 1994) .
Post-experimental protocol
Because of the labour associated with the post-experimental protocol, all 28 experimental mesocosm units could not be processed within a single day. Hence, the experimental period ranged between 72 and 78 days in that one unit from each of the four treatments was processed every day. This secured that the additional variance introduced by this procedure was distributed evenly across the four experimental treatments.
At termination, the containers were carefully drained until the water surface was c. 0.5 cm above the sediment, ensuring that it was left undisturbed. To obtain data on the meiofauna community, five small core samples were then taken at arbitrarily chosen positions in each container on the sediment surface to a depth of 2.5 cm using modified plastic syringes (Ø = 12 mm). These sediment samples were pooled together, for a total of 5.7 cm 2 surface area and 14.1 cm 3 sediment volume retrieved from each container. Each pooled sample was sieved through a sequence of three screens with mesh sizes of 500, 250 and 63 μm, respectively, and the resulting three size fractions of organisms were preserved separately in neutralized formaldehyde (4%) (Fig. 2) . This process allowed enumeration and species identification to lowest taxonomic level possible of one size fraction of macrofauna (by definition N 500 μm) and two size fractions of meiofauna (250-500 μm and 63-250 μm). Following core sampling, the remaining substrate was retrieved from each container to a depth of 2.5 cm and sieved through a 500 μm mesh to retain and count macrofaunal species. The sifted sediment was subsequently homogenized manually and three small subsamples were collected for later analysis of particle composition, chlorophyll-a content and diatom community structure. Subsamples for sediment and chlorophyll-a analysis (each c. 20 g sediment) were stored in plastic bags in a freezer, whereas the sample for diatom community analysis (c. 10 g) was preserved with Lugol's solution.
After retrievement of sediment subsamples, the remaining substrata were sieved through a 250 μm mesh to count and identify juvenile macrofaunal organisms passing the 500 μm sieve (Fig. 2) . After processing the surface sediment, the four cm of bottom sediment left in each (1) After drainage of seawater in the experimental container, 5 core samples were haphazardly collected on the sediment surface to a depth of 2.5 cm using modified syringes. To retain and separate macrofaunal organisms ( 500 μm) as well as meiofauna in two size classes (250-500 and 63-250 μm), these core samples were pooled and subsequently sieved through three screens with mesh sizes of 500, 250 and 63 μm, respectively. (2) The remaining surface substrata in the container were retrieved to a depth of 2.5 cm and sieved through a 500 μm mesh to retain solely macrofaunal organisms. (3) The sieved surface sediment was then gently homogenized and three separate subsamples (c. 50 g in total) were collected for analysis of particle composition, chlorophyll-a content and diatom community structure. (4) After these samples were taken, the remaining substrata were sifted through a 250 μm mesh to retain juvenile macrofaunal species (250-500 μm). (5) The remaining 4 cm of bottom sediment now left in the container were sieved through 500 and 250 μm meshes to count remaining macrofaunal species. The different elements are not to scale. See text for further details.
container was finally sieved through 500 and then 250 μm mesh in order to retrieve more deeply buried macrofauna (i.e. H. diversicolor and M. balthica). Hence, the post-experimental protocol resulted in the following three size fractions of animals: N500 μm (macrofauna), 250-500 μm (juvenile macrofauna and large meiofauna) and 63-250 μm (small meiofauna) (Fig. 2) . Before counting, the formalin preserved animals were dyed with Bengal Rose to stain individuals alive at the point of experimental termination. Macrofaunal species found in the large meiofauna fraction (250-500 μm) were merged with the juvenile macrofauna fraction prior to statistical analyses. During the collection of subsamples for analyses of particle composition, chlorophyll-a content and diatom community structure, it was unavoidable to lose a fraction of juvenile macrofaunal species, which at that time were not separated from the surface sediment. Hence, we corrected for this loss for the three most abundant macrofauna species: C. volutator, H. ulvae and T. benedeni. The different size classes of animals were analyzed both separately and together because small and large specimens may respond differently to the experimental treatments. Prior to statistical analyses the abundance of meiofaunal organisms was converted into individuals per container. A subsample of ten haphazardly chosen adult mud snails (those screened for parasites pre-experimentally) from each container were measured to the nearest 0.1 mm (apex to aperture) under a stereomicroscope to ascertain that the post-experimental shell height was similar between experimental treatments. The snails were then dissected for the presence of primary larval trematode infections to reveal possible false negative infections, and hence, departures in the planned trematode prevalence during the experiment. Also, an arbitrary subsample of surviving amphipods retained on the 250 (n = 14-70 per treatment) and 500 μm mesh (n = 70 for each treatment) were measured to the nearest 0.1 mm (rostrum to telson) and subsequently dissected for the presence of parasites in the body cavity. This was done to obtain the post-experimental size distribution of the amphipod population and to establish the level of metacercarial infection (unencysted and encysted cercariae combined). In addition, amphipods larger than 3.0 mm were sexed.
Sediment analysis
Sediment subsamples were analyzed by means of laser-diffraction using Sympatec HELOS He-Ne laser (632.8 nm) and the material was prepared according to standard procedure (see Rasmussen, 2011) . This protocol allowed determination of median particle diameter, sorting coefficient (see Friedman, 1962) and clay (grain size between 0-2 μm), silt (2-63 μm) and sand (63-2000 μm) content.
Chlorophyll-a analysis
Chlorophyll-a content of substrate was measured as an indirect estimate of microphytobenthos abundance. Each sediment sample (10 g) was extracted for active chlorophyll-a (i.e. correcting for phaephytin-a content) following standard procedures (see Lorentzen, 1967; Mouritsen and Haun, 2008) . Prior to the statistical analysis, the chlorophyll-a concentrations were converted into mg m −2 .
Diatom analysis
To elucidate the community structure of benthic microalgae, specimens of epipelic (free-living between sediment particles) and epipsammic (attached to sediment particles) diatoms were counted and identified to lowest possible taxonomic level under a light microscope (x400). The Lugol's preserved samples were thoroughly homogenized and a small subsample of each was smeared out on a microscope slide for enumeration following the procedure by Mouritsen and Haun (2008) . From these data, we calculated the relative frequency of both epipelic and epipsammic species. Epipelic and epipsammic algae were analysed separately due to the numeric dominance of the latter.
Data analyses
Full model two-way ANOVA was used as the main analysis to assess the effect of temperature and parasitism as well as their interaction on the density of organisms and the applied species diversity measures (see below). If the full model ANOVA demonstrated lack of significant interaction between temperature and parasitism, a reduced model ANOVA was performed with the interaction included in the error variance. Organisms whose density was influenced by temperature or parasitism in the two-way ANOVA was further modeled as a function of temperature, parasitism (binary variables) and the density of C. volutator using multiple regression. This was done to identify potential indirect community effects of parasitism and temperature stemming from changes in amphipod density isolated.
Alternatively, the data could be analyzed using a single MANOVA that includes all animal species in the experimental community as variables, thereby statistically correcting the responds of individual species for also other species present (i.e. correcting for first-order species interactions). This was not done for two reasons: (1) our main goal was to evaluate the impact of temperature and parasitism on the community as a whole, and for affected individual species separately, under influence of resulting species interactions; (2) including all animal species in one analysis critically reduce statistical power as the degrees of freedom for the error term become very low. It follows that below mentioning of isolated impact of temperature and parasitism implies impact of these fixed factors and the underlying species interactions. Problems with test performance also apply to the possibility of including other species than Corophium in the subsequent multiple regressions as this creates issues regarding overfitting and multicollinearity.
We calculated four diversity indices according to Krebs (1999) 
Simpson's measure of evenness (1/Ds, s = number of species in the sample), and (4) species richness (s). None of the results obtained using Shannon-Wiener index and Simpson's measure of evenness departed qualitatively from those achieved using Simpson's diversity index. Moreover, the experimental treatments did not affect species richness of the experimental organisms. Hence, we consider here only the significant results obtained using Simpson's diversity index in Results. The unit of this diversity index is 'species', which denotes the number of evenly frequent species required to generate the observed heterogeneity of the sample. All statistical analyses were conducted using SPSS version 18.0. Parametric tests were preceded by evaluation of assumptions. If violated, data were ln-, rank-or arcsin-transformed to meet assumptions or nonparametric tests were applied. Mean values on raw data in association with standard error (SE) are given throughout although some data were transformed or subject to non-parametric testing. Crosstabs refers to two-way contingency analysis.
Results
Sediment composition
All sediment characteristics measured proved to be statistically unaffected by treatments (two-way ANOVA, F 1,25 ≤ 1.948, p ≥ 0.175 for all parameters). The average median particle diameter across experimental units was 141.6 ± 0.39 μm, and the relative proportion of clay, silt and sand was 1.0 ± 0.03, 7.3 ± 0.15 and 91.7 ± 0.18%, respectively. The mean sorting coefficient was 1.22 ± 0.06, indicating well-sorted substrate (Friedman, 1962) .
Snails
Abundance
The population of mud snails increased in all four treatments during the experiment (Fig. 3A) . Because H. ulvae has a pelagic larval stage that appears unable to survive under experimental conditions (Fish and Fish, 1977a) , this recruitment probably originates from meiofaunal-sized juveniles present in the added substrate from the start of the experiment that have grown to macrofaunal size. This was particularly evident at the warm temperature with low parasitism, in which the snail density increased by 37.6%, suggesting that increased temperature directly or indirectly promotes juvenile recruitment (Fig. 3A) . This increase was not seen at the warm temperature with high parasitism, leading to a significant temperature-parasitism interaction (two-way ANOVA, F 1,24 = 7.949, p = 0.009; Fig. 3A) . The mortality rate of the individually added adult mud snails was low (1.5% overall), and their density did not differ among treatments at the end of the experiment (one-way ANOVA, F 3,24 = 1.245, p = 0.315).
Size and prevalence of infection
The mean post-experimental shell-height of adult mud snails (those added experimentally) was 5.8 ± 0.04 mm and did not differ between treatments (one-way ANOVA, F 3,276 = 2.371, p = 0.071). Across all experimental units, the average shell-height of recruited (juvenile) snails was 2.8 ± 0.03 mm (n = 723).
The post-experimental dissection of adult snails revealed that some individuals initially scored as uninfected were not free of microphallid parasites. This was expected as determination of parasite prevalence based on cercarial shedding does not reveal immature infections that will shed cercariae at a later point, thereby underestimating actual prevalence (Curtis and Hubbard, 1990) . Averaging the observed microphallid prevalence at the start and at the end of the experiment, the approximated realized prevalence during the experiment was 3.9 and 1.9% in the low parasitism treatments and 30.6 and 31.1% in the high parasitism treatments at 18 and 22°C, respectively. The microphallid prevalence in the snail population was statistically similar at 18 and 22°C in both the low (Chi-square test, χ 
Amphipods
Abundance
Recruitment occurred during the experiment in all treatments, as evidenced by presence of juveniles in the 250-500 μm size fractions. Nonetheless, the overall post-experimental abundance of C. volutator was negatively affected by both elevated levels of parasitism and increased temperature, resulting in an almost eradication of amphipods at the warm temperature with high parasitism (two-way ANOVA, parasitism: F 1,25 = 16.279, p b 0.0005; temperature: F 1,25 = 10.296, p = 0.004; Fig. 3B ). The density of amphipods decreased by 82.3% (contrast to initial density) at 22°C with high parasitism, was less affected at 18°C with high parasitism (19.4% increase), and increased considerably at 18°C (188.3%) and 22°C (111.3%) with low parasitism.
Infection intensity
The post-experimental metacercarial infection intensity generally increased with the size of the amphipods retained on the 500 μm mesh. One-way analysis of unstandardized residuals from an intensity-size regression across the entire material demonstrated that the sizecorrected metacercarial infection intensity differed significantly between treatments from 0.15 ± 0.03 (18°C, low parasitism) over 1.33 ± 0.21 (18°C, high parasitism) and 2.08 ± 0.24 (22°C, low parasitism) to 3.35 ± 0.41 (22°C, high parasitism) metacercariae per mm amphipod (Kruskal-Wallis test, χ 2 3 = 137.0, p b 0.0005, n = 280). Post hoc multiple comparisons showed significant differences between all treatments (p ≥ 0.028). The highest metacercarial load recorded in an individual was 82 found at the warm temperature with high parasitism. Metacercarcial infections in amphipods in the 250 − 500 μm size fraction were rare: the overall infection prevalence was 5.4% and the mean infection intensity was 0.08 ± 0.03 metacercariae per amphipod (n = 224).
Faunal community structure -abundance
Twenty-three taxa of benthic animals (meio-and macrofauna) were recorded (see Supplement 1). Harpacticoid copepods (relative frequency: 40%), foraminifera (36%) and nematodes (13%) numerically dominated the meiofaunal community. In particular, Ammonia sp. (Foraminifera) and Harpacticoid sp. 2 (Copepoda) was abundant. As expected, C. volutator and H. ulvae dominated the macrozoobenthic community. Encountered macrofaunal species other than those added (see Section 2.3) originate from meiofaunal-sized juveniles present in the applied natural substrata. Apart from C. volutator, eight species were significantly affected either positively or negatively by temperature (Table 1 , two-way ANOVA), corresponding to c. 36% of all species. Parasitism had no statistically significant effect on these non-host organisms (two-way ANOVA, F 1,25 ≤ 3.462, p ≥ 0.075). The foraminifera Elphidium williamsoni and the spionid polychaete Polydora ligni particularly responded negatively to increased temperature (68-75% reduction). By contrast, increased temperature had a notable positive effect on the density of Harpacticoid sp. 3 in the 63-250 μm size class and the sabellid polychaete Manayunkia aestuarina (71-89% increase). Subsequent multiple regressions including the abundance of each of the eight faunal species as response variable and temperature, parasitism and the abundance of C. volutator as predictors, demonstrated lack of an isolated significant effect of temperature on Leptocythere sp. and T. benedeni (Table 1 ). This suggests that the temperature-effect on the abundance of these two species to some extend is driven by their relationship to the also temperature-affected C. volutator. Albeit statistically insignificant per se, Corophium abundance explains 88 and 46% of the variance explained by temperature isolated ( Table 1) . The polychates H. diversicolor and P. ligni were the only species significantly influenced by Corophium abundance isolated, which explains 19-24% of the variation (Table 1 , multiple regression). After correcting for this amphipod impact, the significant negative effect of increased temperature on these worms is retained. Hence, the isolated effect of both elevated temperature and amphipod abundance combine to determine their post-experimental densities. Of these two factors, temperature appears to matter the most as judged from the partial r-ratios: Corophium explains c. 16% (Hediste) and 65% (Polydora) of the variance explained by temperature (Table 1) .
Increased level of parasitism positively influenced the density of two meiofaunal species in the 250-500 μm size class (Table 1 , two-way ANOVA; Fig. 4 ): Haynesina germanica (Foraminifera) and Protohydra leuckarti (Hydrozoa) (49-59% increase). Temperature had no significant effect on the abundance of these two species (two-way ANOVA, F 1,25 ≤ 1.667, p ≥ 0.208). Post-hoc multiple regressions showed no significant effect of Corophium abundance on the two meiofaunal species. Amphipods explain only 1-2% of the variance, corresponding to about a tenth of the variance explained by parasitism (Table 1 ). In the case of P. leuckarti, however, correcting for this rather small Corophium contribution manages to turn the significant isolated impact of parasitism just insignificant (p = 0.073, see Table 1 ). Statistically, these findings suggest that parasitism has an impact on H. germanica that is not indirectly governed by Corophium abundance, whereas this amphipod plays a role in generating the significant parasite effect on P. leuckarti.
Table 1
Summary statistic from (1) planned two-way ANOVA on significant main effects (reduced model) of temperature (T) and parasitism (P) on the density (ind. container ) of experimental non-host fauna species, and (2) post-hoc multiple regressions evaluating the relative importance of Corophium volutator abundance for the density of treatment-affected non-host organisms (T and P entered as binary variables). Preceding full model ANOVA's demonstrated lack of significant two-way interaction between T and P. 'All' denotes all size classes combined. Positive and negative effects of T and P on faunal density are denoted by + and ÷, respectively, under the Effect-column, and effect size appears as percent change under the Change-column. p C denotes the p-value for the influence of the main factor in question (T or P) after the isolated effect of Corophium abundance is corrected for. Partial r 2 C gives (in percentages) the proportion of variance explained by Corophium abundance in isolation, and NS and * denote the level of significance (NS: p ≥ 0.05; *: p b 0.05). +/÷under 'Corophium relationship' indicate the sign of the correlation coefficient for the zero-order non-host vs. Corophium regression. The partial r 2 C /r 2 factor ratio gives the proportion (in percentages) of variance explained by Corophium abundance relative to the main factor (T or P). Fo: foraminifera, Po: polychaeta, Os: ostracoda, Co: copepoda, Hy: hydrozoa, Ol: oligochaeta. 3.5. Faunal community structure -diversity At community level, Simpson's diversity index for macrofaunal organisms (C. volutator excluded, all size classes combined) was affected differently by parasitism depending on the experimental temperature (two-way ANOVA, temperature × parasitism interaction: F 1,24 = 11.727, p = 0.002; Fig. 5 ). Whereas the macrofaunal diversity decreased (7%) with increased temperature in the low parasitism treatments, it increased (5%) with temperature in the high parasitism treatments. Hence, the indirect effect of increased parasitism mitigates the negative influence of elevated temperature on the diversity of the non-host faunal community.
3.6. Chlorophyll-a content and diatom community structure As a measure of benthic microalgae abundance, the chlorophyll-a content in the substrata was not significantly affected by treatments (two-way ANOVA, F 1,24 ≤ 1.404, p ≥ 0.247). The overall pattern was an increase (8%) with temperature, whereas increased parasitism tended to affect the chlorophyll-a concentration negatively. Moreover, the chlorophyll-a concentration was not significantly related to the abundance of C. volutator (multiple regression, p = 0.318). The grand mean chlorophyll-a content in the sediment was 595.5 ± 34.3 mg m −2 , corresponding well to previous recorded summer levels in the Danish Wadden Sea (see Mouritsen et al., 1998) .
Seventeen species of epipelic (pennales and centrales combined) and four species of epipsammic microalgae were recorded (see Supplement 2). Although differences were small quantitatively, the relative frequency of the 17 epipelic diatom species differed significantly between experimental treatments (Crosstabs, all experimental units together: χ 2 48 = 101.2, p b 0.0005). However, analyses of individual species showed that only one species (Brockmanniella sp.) were significantly affected (positively) by increased parasitism, and that this epipelic diatom was not related to the abundance of C. volutator (Supplement 2). The relative frequency of the epipsammic diatom species also differed among treatments (Crosstabs, all experimental units together: χ 2 9 = 86.1, p b 0.0005; Supplement 2). Neither temperature or parasitism, however, had an impact on any of the four epipsammic diatom species (two-way ANOVA, F 1,25 ≤ 0.930, p ≥ 0.344).
None of the applied diversity measures (see Section 2.9) on the microphytobenthos community were significantly affected by experimental treatments (two-way ANOVA, F 1,25 ≤ 0.614, p ≥ 0.441).
Discussion
Although the synergistic effect of parasitism and climate warming previously has been emphasized as potentially important to host population dynamics and community structure (e.g. Brooks and Hoberg, 2007; Harvell et al., 2002; Marcogliese, 2001 Marcogliese, , 2008 Mouritsen and Poulin, 2002b; Poulin and Mouritsen, 2006) , no studies have yet shown that such temperature-parasitism synergism may alter softbottom communities indirectly, partly through density regulation of a functionally important community member. However, the present results demonstrate unequivocally that parasitism and elevated temperature can be a critical combination for the population size of the intertidal ecosystem engineer C. volutator, and that this parasiteinduced amphipod regulation governed by temperature may result in significant changes to the surrounding benthic community structure.
Amphipods
Both increased temperature and parasitism had a negative impact on the density of C. volutator, but the combined effect of these two parameters was particularly detrimental, leading to an almost complete extinction of the experimental amphipod population at the warm temperature with high parasitism (Fig. 3B) . It is notable that this temperature-parasitism synergy resulted in negative population growth in the high temperature/high parasitism treatment, whereas the amphipod population increased or reached equilibrium in the remaining treatments. The reduced amphipod density seen at the high temperature can be explained by the fact that emergence of infective trematode stages (cercariae) from the first intermediate snail host is a strong positive function of temperature up to an optimum temperature (Meissner and Bick, 1999a; Mouritsen, 2002; Mouritsen and Jensen, 1997) , as demonstrated also in other amphipod-trematode associations (Studer and Poulin, 2013; Studer et al., 2010) . Hence, the intensitydependent parasite-induced Corophium mortality generally increases as temperature rises (Jensen and Mouritsen, 1992; Meissner and Bick, 1999a,b; Mouritsen and Jensen, 1997; Mouritsen et al., 2005) , thereby also affecting recruitment. The combined influence of increased temperature and parasitism may therefore also partly explain the lower abundance of amphipods in the warm relative to the cold temperature treatments with low parasitism (Fig. 3B) . Although the microphallid prevalence in the mud snail population among these treatments was rather similar (1.9 and 3.9%, respectively), we found marked difference in the number of parasites in the amphipods body cavity: mean infection intensity was 0.15 and 2.08 metacercariae per mm amphipod at 18 and 22°C, respectively. This finding emphasizes the importance of temperature per se for the transmission rate of larval trematodes from mud snails to amphipods, and in turn intensity-dependent amphipod mortality (Mouritsen and Jensen, 1997; Studer et al., 2010) . Note that infection intensities of surviving amphipods only is an indicator of parasite pressure/transmission as individuals that have died from heavy parasite burdens are not included.
Faunal community 4.2.1. Effect of temperature
The density of eight species, together representing a variety of taxa and feeding types, changed significantly with increased temperature (Table 1) : five species were negatively affected whereas three species responded positively. Although the processes causing these species specific temperature responses remain unclear, it emphasizes that temperature changes may indeed impact the overall community structure of benthic animals in the soft-bottom intertidal (Reise and van Beusekom, 2008). Some of the temperature-effects, however, appear indirect by acting in part through changes in the also temperaturedependent Corophium abundance. This applies to the responses of the ostracod Leptocythere sp., the oligochate T. benedeni and particularly so to the polychates H. diversicolor and P. ligni (see Table 1 ). The abundance of the latter two species was clearly not solely influenced by temperature per se but also Corophium abundance. Hediste diversicolor was positively associated with the amphipod density, and because this omnivorous polychaete occasionally feeds on C. volutator (Jensen and André, 1993; Muus, 1967; Ólafsson and Persson, 1986) , the amphipods may have served as a supplementary food source for H. diversicolor in the present study, in turn affecting their survival positively. In contrast, the abundance of P. ligni was negatively related to the density of C. volutator. Disturbance caused by amphipod burrowing could be one factor responsible for this negative relationship as spionids, including Polydora, are sensitive to bioturbation (Flach, 1996; Volkenborn et al., 2009) . Because the abundance of C. volutator is strongly affected by the combined effect of elevated parasitism and temperature, the link between amphipods and the above two polychaetes predicts that parasitism also participates indirectly in regulating the abundance of these worms. Statistically, however, our experiment failed to demonstrate an isolated effect of parasitism on H. diversicolor and P. ligni.
Effect of parasitism and temperature-parasite interaction
The density of mud snails H. ulvae was influenced by the combined effect of temperature and parasitism: while the density was roughly unaffected by temperature in the high parasite treatments, it was considerably higher in the warmest treatment of those with low parasitism (Fig. 3A) . Because the abundance of the experimentally added adult snails was unchanged, the pattern was due to a particularly high recruitment success of juveniles at the warm temperature with low parasitism. Although the exact mechanisms behind this pattern remain unknown, it can easily be envisaged that temperature affects the development and survival of newly settled snails directly (Fish and Fish, 1977b) . On the other hand, microphallid cercariae especially present in the high parasitism treatments do not infect hydrobiids of any age, and the absence of a positive effect of increased temperature in the high parasitism treatment suggests an indirect negative influence of increased parasitism. For instance through modified interaction cascades stemming from the overall changed community structure observed. In any case, the finding indicates that temperature and parasitism together may play a role in determining the recruitment success of mud snails.
The abundance of larger individuals of the foraminifera H. germanica and the polyp P. leuckarti was positively affected by elevated parasitism (Table 1; Fig. 4 ). These two meiofaunal species were respectively unaffected or very weakly affected by Corophium abundance, suggesting that parasitism benefits their population sizes through processes other than the potentially positive effects of parasite-induced reduction in amphipod density. The hemi-sessile P. leuckarti is a predator known to feed on a wide spectrum of meiofaunally sized organisms (Giere, 1993; Muus, 1967) , and trematode larvae (cercariae) released from infected mud snails might have served as an additional food source to the polyps as also found in other systems (Køie, 1975; Thieltges et al., 2008) . This could reasonably explain higher densities of P. leuckarti in high parasitism treatments due to increased survival or reproduction. Furthermore, when the cercariae die they are subject to bacterial degradation on the sediment surface. Assuming that H. germanica feeds on bacteria associated with such degradation (see Ward et al., 2003) , the mere presence of cercariae in the high parasitism treatments could contribute to the greater population size of these foraminifera. Such interpretation, however, requires that other processes regulate the abundance of the two meiofaunal species at the warm temperature with high parasitism where the abundance of released cercariae is at its maximum.
In terms of species diversity, the faunal community as a whole appeared unaffected by experimental treatments. However, focusing on the macrofaunal community without amphipods, and hence the part of the community not directly targeted by microphallid trematodes, we see a small but significant increase in diversity with temperature in the high parasite treatment, as opposed to a decrease with temperature in the low parasite treatment (Fig. 5) . This intriguing result emphasizes two important points about the impact of trematodes on zoobenthic communities: (1) Through indirect interactions cascades, the influence of parasites reach beyond the host species involved in their life-cycle, and (2) elevated parasitism acts to mitigate the overall tendency of a negative impact on resident benthic diversity by increased temperatures (Harley et al., 2006; Schückel and Kröncke, 2013 and references therein), even turning it to a positive effect. By doing so, sufficiently high levels of parasitism may in fact serve to maintain diversity at increasing temperatures, in turn stabilizing the macrozoobenthic community as species diversity generally correlates with community stability (e.g. McCann, 2000) .
Chlorophyll-a content
The chlorophyll-a content in the substrata was found statistically unaffected by experimental treatments. This is surprising because substantial evidence exists that C. volutator, whose density was severely affected by treatments, can significantly regulate the density of benthic diatoms on which they feed (e.g. Gerdol and Hughes, 1994b) . In general, authors report a negative relationship between the presence of C. volutator and chlorophyll-a concentration (Coles, 1979; Daborn et al., 1993; Gerdol and Hughes, 1994a; Hagerthey et al., 2002) . For instance, Gerdol and Hughes (1994a) demonstrated that experimental removal of C. volutator on an intertidal mudflat led to increased chlorophyll-a levels in the sediment, suggesting that the amphipods exert a top-down control on the diatom community, even at densities as low as 9000 individuals m −2 . However, in the present mesocosm experiment the abundance of benthic algae was numerically lower (albeit non-significant) in the high parasite treatments (low amphipod density) and no overall relationship was found between the density of amphipods and chlorophyll-a levels across all experimental units. More complex interaction cascades between temperature, varying densities of infected mud snails (see Mouritsen and Haun, 2008) and other grazing and bioturbating experimental organisms (Dyson et al., 2007; Figs. 3A, 4 and 5;  Table 1 ; Supplement 1), might have counteracted the otherwise expected positive effect of reduced C. volutator abundance on the benthic primary producers.
Diatom community structure
As opposed to diatom abundance, the overall frequency distribution of both epipelic and epipsammic diatom species differed between treatments, emphasizing that temperature and parasitism can alter the structure of intertidal microalgae communities (Supplement 2). Regarding the temperature effect, previous studies have highlighted temperature as a key abiotic factor determining the structure of benthic diatom assemblages (e.g. Hagerthey et al., 2002) . It is therefore surprising that none of the recorded diatom species were significantly affected by the experimental temperature increase of four degrees. As to the impact of parasitism, there may be several ways in which the diatom community could be affected. For instance, Mouritsen and Haun (2008) showed that trematode-mediated reduction in bioturbation activity of mud snails significantly changed the structure of an intertidal community of microphytobenthos. The epipelic Brockmanniella sp. was the only species whose density was significantly affected (positively) by increased parasitism (Supplement 2). Because this epipelic diatom was not associated with amphipod abundance, the positive effect of elevated parasitism could emerge as a result of reduced bioturbation activity of infected snails. Quantitatively, however, we found only rather small changes of the diatom community structure in response to temperature and parasitism regardless of substantial changes in the abundance of a range of grazers (Table 1; Fig. 3) . Thus, as seen also in the abundance data, the diatom community structure appear surprisingly resilient to our experimental treatments.
Conclusion
Our results demonstrate that microphallid trematodes affect the density of the coastal amphipod C. volutator in a highly temperaturedependent manner. Specifically, we found that even a relatively small increase in water temperature (4°C) when combined with elevated parasitism had devastating consequences for amphipod population size. This cooperates well with both field observations and model simulations of the topical host-parasite system, together emphasizing that moderately warmer ambient temperature, for instance in light of future climate scenarios, will likely increase parasite-induced amphipod mortality and the frequency of local population crashes (Jensen and Mouritsen, 1992; Mouritsen et al., 2005) .
Beyond the amphipods directly targeted by the parasites, it is notable that the structure of the surrounding benthic community of plants and animals changed as a consequence of our experimental treatments. The interaction between temperature and parasitism in the case of macrozoobenthic diversity is of particular interest here, as it shows that increased parasitism serves to eliminate the overall negative impact of a higher temperature on diversity. It is also notable that the community of primary producers, as opposed to the animals, was both quantitatively and structurally relatively unaffected. This corresponds in part with field observations during a temperature mediated parasite-induced collapse in the Wadden Sea (Mouritsen et al., 1998) , and suggests that ecosystem functioning in terms of primary production is robust towards perturbations following from temperature and parasite mediated regulation of the zoobenthic community.
Our objective was to determine the community structural consequences of altered temperature and parasitism rather than to identify underlying mechanism causing them. However, the present analyses do suggest that although temperature and parasitism had direct influence, indirect processes are also involved. Of those, interaction cascades stemming from parasite-induced changes in amphipod abundance may be particularly important. In any case, the responses of the experimental organisms to temperature and parasitism appear species as well as size specific rather than coordinated.
Is this pattern evident also in situ? The experimental setup did not allow for immigration of benthic organism and emigration form the containers were constrained. Hence, the observed changes in the density of individual species and community structure emerged almost exclusively as a result of mortality and recruitment. Furthermore, because the experimental design did not allow establishment of zooand phytoplankton communities, it was not possible to integrate benthic-pelagic coupling that works under natural conditions. Finally, even small differences in the initial composition of the benthic communities among the experimental units may have developed during the course of the experiment, resulting in increased variance at the end of the experiment (founder effect). However, small-scale experiments have increasingly been recognized as a useful approach for elucidating ecosystem responses to environmental factors, including climate change (Benton et al., 2007; Stewart et al., 2013) , and in the present mesocosm experiment we have attempted to optimize natural conditions. Moreover, the drawbacks identified above may for the most part contribute to blur rather than overemphasize treatment impact. Hence, our study suggests that climate-parasitism synergy can have significant repercussions for density regulation of C. volutator and the associated intertidal soft-bottom community.
Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.jembe.2014.06.011.
